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1Abstract
Human Intestinal Spheroids cultured using Sacrificial Micromolding as a Model System for
Studying Drug Transport
by
Karen Samy
Doctor of Philosophy in Bioengineering
University of California, Berkeley
Professor Tejal Desai, Chair
In vitro cell culture models have proven to be essential in early drug discovery and
drug development to predict in vivo drug responses. More specifically, in vitro models
of the small intestine are crucial tools for the prediction of drug absorption. The Caco-2
monolayer transwell model has been widely employed to assess drug absorption across the
intestine. However, it is now well-established that 3D in vitro models capture tissue-specific
architecture and interactions with the extracellular matrix and therefore better recapitulate
the complex in vivo environment.
We develop a novel Sacrificial Micromolding technique to culture geometrically controlled
self-assembling lumenized and polarized Caco-2 spheroids in a three-dimensional matrix.
Compared to other techniques, this Sacrificial Micromolding technique allows for precise
control of size, shape as well as location of spheroids within a gel matrix. In addition, it does
not expose the spheroids to unnecessary sheer stress that could alter the cellular phenotype.
We further characterize the intestinal spheroids for correct polarization, barrier properties
and changes in gene expression and transporter function compared to 2D monolayers. We
report that the spheroids display reproducible intestinal features and functions that are
more representative of the in vivo small intestine than the widely used 2D transwell model.
We also show that Caco-2 cell maturation and differentiation into the intestinal epithelial
phenotype occur faster in spheroids and that they are viable for a longer period of time.
To overcome the limitation of lacking access to the luminal space of these spheroids,
we exploit our three-dimensional patterning expertise as well as the directed epithelial self-
organization to develop a technique to non-intrusively incorporate polymeric microparticles
into the reconstituted intestinal spheroids. These polymeric microparticles can act as car-
riers or sensors to instruct or characterize tissue biology for in vitro assays. We use this
technique to further study how microparticles of different shape and size as well as different
compositions affect the self-organization and lumenization process of these tissues. We also
develop a novel pH sensitive microsensor that can measure the luminal pH of reconstituted
epithelial microtissues.
2We found that spherical microparticles that are 30 µm in diameter do not affect the self-
organization process and are efficient at localizing to the lumen. Interestingly, we found that
adhesive microparticles like polystyrene perturbed the self-organization and lumen formation
and led to tissue inversion. Finally, we used this finding to invert the polarity of the spheroids
by culturing them around Matrigel beads allowing superficial access to the apical membrane
and making our intestinal spheroid model more physiological.
These studies offer a novel approach for investigating luminal microenvironments and
drug-delivery across epithelial barriers without affecting the self-organization of the tissues.
We believe that using Sacrificial Micromolding we developed a robust and reproducible in
vitro intestinal model that could serve as a valuable system to expedite drug screening as
well as to study intestinal transporter function.
iTo Rami Botros
For teaching me to think critically and the importance of good philosophy
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1Chapter 1
Sacrificial Micromolding as a Novel
Technique for Culturing Intestinal
Spheroids
1.1 Introduction
Two-dimensional (2D) in vitro cell culture models that are cultured on planar substrates
have been used for several decades in drug discovery and drug development to predict in
vivo drug responses. However, because of the lack of tissue specific architecture as well as
cell-cell and cell-extracellular matrix (ECM) interactions, cell behaviors and morphologies
can be vastly different from what is observed in vivo. In addition to biochemical signals,
structural and mechanical cues have proven to have a profound impact on cellular phenotype.
In the past decade, advances in cell biology as well as the rise of microfabrication technologies
and tissue engineering has led to the rise of three-dimensional (3D) cell culture systems that
have materialized as a more biomimetic tool in early drug discovery.[21] These models have
become the new gold standard in vitro models for recapitulating in vivo phenotype of cells
and tissues and have resulted in more accurate predictions of drug responses to disease. For
example, colon cancer HCT-116 cells have been found to be more resistant to anticancer
drugs such as melphalan, fluorouracil, and irinotecan in 3D culture compared to 2D culture
which is consistent with observations in vivo.[33] Moreover, 3D cell culture models have the
advantage of not only enabling drug safety and efficacy assessment in a more in vivo-like
context but they also eliminate the species differences observed between humans and animals
that often impede interpretation of preclinical outcomes by allowing drug testing directly in
human systems. Additionally, using these models can cut the cost of screening by as much
as 90% and can save weeks if not months of tedious work.[36]
In 3D cell culture models, cells are seeded on top of or within polymeric scaffolds that
support the growth or differentiation of the cells into 3D spheroids that mimic many features
and functions of the tissues they are derived from. This spheroid model has many advantages
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compared to monolayer cultures. Spheroids have a well-defined geometry and architecture
as well as physiological cell-ell and cell-ECM interactions. Additionally, they are able to
develop and capture gradients of nutrients and oxygen as well as soluble signals.[21] How-
ever, previously used techniques of culturing spheroids such as low-adhesion plates, hanging
drop plates or spinner flasks used to promote the self-aggregation of cells into spheroids[21]
have many disadvantages including subjecting spheroids to shear stress and the lack of 3D
geometric constraints to the reconstituted cells that, therefore, lead to heterogeneous tissues
in terms of size, shape, and position within a gel.
1.2 Sacrificial Micromolding
Photolithography techniques derived from the semiconductor industry are commonly used
to constrain 3D tissues by patterning or replica-molding scaffolds that can accommodate
cells at high density within a predefined geometrical structure.[32][35] The materials typ-
ically used in this approach are those that can be readily patterned by photolithography
(e.g., epoxy-based photoresists and UV-reactive polymers) or micromolded by soft lithog-
raphy (e.g., elastomers and agarose). For example, polydimethylsiloxane (PDMS), agarose,
or poly (ethylene glycol) (PEG) microwells provide semi-3D (or 2.5D) cell culture platforms
that produce complex tissue geometries at low cost and high throughput.[16][27][34] Unfor-
tunately, these materials do not recapitulate the physicochemical properties of the in vivo
ECM. Elaboration of these photolithographic approaches allowed the formation of spatially
and geometrically defined 3D cellular patterns within biomimetic ECM gels. Microcavities
within type I collagen gels have been seeded with cells and overlaid with additional collagen
to gain control over the geometry and spatial organization of 3D tissues within an ECM.[43]
However, this strategy becomes challenging with other soft ECM gels like the laminin-rich
reconstituted basement membrane hydrogel known as Matrigel. Matrigel mimics the base-
ment membrane in vivo in its multifactorial composition of matrix components including
laminin, collagen IV, entactin etc., as well as in its mechanical properties that promote tis-
sue morphogenesis and allow diffusion of biochemical factors and nutrients.[30][37] However,
because of the gel's low stiffness and its time-dependent viscoelastic properties geometric
patterning becomes a challenge.
To overcome this challenge, a combination of lithographic and molding techniques have
been used to pattern islands of Matrigel on a glass substrate.[53] By controlling the cell
density suspended in the liquid Matrigel molded against supports made out of PDMS, single
cells can be deposited to grow into single tissues. However, precise control over cell number in
each island is a challenge and this strategy lacks geometric and spatial control of multicellular
architectures embedded within the gel.
We, therefore, sought an improved micromolding strategy for patterning cells into spa-
tially and geometrically controlled multicellular structures fully embedded in Matrigel. In-
spired by previous reports that used degradable materials such as agarose for patterning
microfluidic channels embedded in collagen or fibrin[4][24], we envisioned using this material
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as a degradable scaffold for micromolding spatially and geometrically resolved multicellular
structures that can be transferred to soft biomimetic gels.
1.3 Culture of Intestinal Spheroids using Sacrificial
Micromolding
We used Sacrificial Micromolding to culture geometrically and spatially controlled multicel-
lular intestinal spheroids by allowing precise control over the initial size of the reconstituted
cell aggregates.[15] Using simple photolithography and micromolding techniques, we fab-
ricated PDMS stamps with 120 µm diameter pillars (Fig. 1.1). The PDMS stamps were
deposited onto a 250 µl drop of 3% liquid agarose within the wells of a 24-well plate. Agarose
gelation occured within minutes of placing the 24-well plate at room temperature. To form
cell aggregates, the human colon adenocarcinoma cells (Caco-2) were dissociated from plates
and centrifuged into the sacrificial agarose microwells and allowed to aggregate for 24 hours.
The aggregates were then transferred to a Matrigel slab and incubated for 1 hour. After-
wards, an additional Matrigel layer was added on top of the cell aggregates before adding
media for long-term culture. The aggregates were cultured in the Matrigel matrix for 5
additional days. Besides its ease of use, agarose was chosen for the sacrificial microwells to
prevent cells from adhering to the microwells allowing easy transfer to the Matrigel matrix.
Matrigel was chosen as the ECM for its unparalleled imitation of the basement membrane in
vivo as well as its ability to form stable but soft gels (< 0.5 kPa)[54] that match soft tissues
like the small intestine. These properties also allow Matrigel to promote cell morphogenesis
as well as the diffusion of biochemical factors throughout the 3D matrix .
1.4 Cell Viability and Lumenization
We found that after 5 days in Matrigel, the Caco-2 cells self-organize into intestinal ep-
ithelial tissues with a confluent monolayer of cells surrounding a hollow lumen. A previous
study showed that the number of lumen formed is a function of the diameter of the cell
aggregates.[15] We found that with an aggregate diameter of 120 µm, out of a total of 1072
spheroids, 1012 of the spheroids formed a lumen after 6 days in culture as determined by
confocal microscopy (n experiment =3; 477/504, 293/305, 242/263), yielding an average
success rate of 94 %. Additionally, we show that the spheroids are amenable to long-term
culture. The spheroids remained stable and viable in Matrigel for 21 days. Figure 1.2A
shows spheroids that were cultured for 6 days, 10 days, 14 days and 21 days in Matrigel.
The spheroids maintained their structure and remained lumenized with a monolayer of cells
surrounding the hollow lumen. Cell viability was confirmed by conducting a live/dead stain-
ing assay after 21 days in culture (Fig. 1.2B) and only 1± 0.3 % of spheroids were determined
to be dead using a propidium iodide stain. The ability of these spheroids to survive for 21
days in Matrigel increases the throughput of this system compared to the transwell system.
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Figure 1.1: Culture of geometrically-controlled intestinal spheroids using Sacrificial Micro-
molding. Schematic representation of the formation and use of agarose micromolds for
patterning Caco-2 spheroids in a soft Matrigel matrix.
1.5 Summary
The ability to reproduce highly complex tissues in vitro in a stable and reproducible man-
ner is critical for the study and engineering of mammalian tissues. We developed a novel
Sacrificial Micromolding technique that takes advantage of the non-adhesive properties of
agarose to precisely define the initial size and geometry of intestinal spheroids fully embed-
ded in a soft Matrigel gel. We found that using Sacrificial Micromolding, we can achieve
homogeneous lumenized and confluent spheroids after only 6 days in culture. Furthermore,
with an aggregate diameter of 120 µm we can achieve a 94% success rate of lumen formation.
Additionally, we show that the spheroids are amenable to long-term culture and remain lu-
menized for 21 days. This increases the throughput of the system since it can be used for
multiple assays. This technique captures the process of self-organization and has the po-
tential of recapitulating heterotypic cellular interactions as well as cell-ECM interactions of
more complex tissues.[15] The formulation of the gel could be optimized to promote distinct
aspects of morphogenesis that characterize different tissue types. Additionally, this method
can be extended to encapsulate aggregates within a spectrum of hydrogel-based scaffolds
currently under development to bypass the complexity and variability of Matrigel. Given
the flexibility of the technique, we anticipate that Sacrificial Micromolding will find utility in
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Figure 1.2: A) Representative brightfield confocal images (10X) of Caco-2 cells in agarose
microwells (pre-transfer) at day 0 and in a Matrigel matrix (post-transfer) at day 1. Cells
self-organize into 120 µm diameter spheroids at day 6 of culture forming a monolayer of cells
surrounding a hollow lumen. The spheroids remain viable and lumenized at day 21. B)
Live/dead staining assay showing spheroid cell viability after 21 days in culture.
the study of diverse heterotypic cellular interactions characteristic of all metazoan organisms.
1.6 Materials and Methods
Cell culture
Caco-2 cells were maintained in 2D cell cultures as previously described.[31]
Sacrificial Micromolding
Freestanding SU-8 features on silicon wafers were fabricated using photolithographic tech-
niques. Photomasks were designed in AutoCAD and printed by Outputcity Co. Circular
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microwells 120 µm in diameter and 80 µm deep were fabricated using SU-8 2035 (MicroChem)
spun onto silicon wafers at a speed of 500 rpm for 10 s followed by a 1250 rpm spin for 30
s. The wafer was then soft baked for 5 min at 65◦C, for 10 min at 95◦C, and UV exposure
in contact mode at an energy of 215 mJ/cm2. Wafers were then postexposure baked for 5
min at 65◦C and for 10 min at 95◦C, and developed in the SU-8 developer (MicroChem) for
at least 20 min. The patterned substrate was then washed with isopropanol/water and hard
baked at 150◦C for 1 h before measuring pillar heights using a stylus profilometer (Ambios
XP2).
This silicon master was used to create PDMS micropillars by pouring a Sylgard 184
(Silicone Elastomer Kit; Dow Corning) onto the patterned wafer using a base:crosslinker
ratio of 10:1. After overnight incubation at 65◦C, the cured PDMS template was peeled off
the silicon master, cut into small rectangular stamps that fit the well of a 24-well plate, and
incubated with Sigmacote (Sl-2; Sigma- Aldrich) for several hours to ease the release of the
PDMS from the protein-based sacrificial layer. Sacrificial microwells were molded from a
solution of 3% (w/v) agarose (Fisher, NH, USA) in phosphate-buffered saline (PBS). This
sacrificial agarose mold was generally formed within the wells of a 24-well plate by depositing
the PDMS stamp onto a 250 mL drop of liquid agarose. Gelation occurred upon placing the
24-well plate at room temperature for 2 minutes.
To form aggregates, cells were dissociated from culture plates, resuspended in 0.5 mL
of media at a concentration of 1× 106 cells/mL, pipetted onto the imprinted agarose mold
in the 24-well plate, and centrifuged into the sacrificial microwells at 160 g at 4◦C for 4
min immediately after PDMS removal. Excess cells were then washed away with a medium.
To transfer the remaining physically confined cell aggregates from agarose to Matrigel, we
carefully pipetted up cell clusters from the microwells and placed them over a 120 mL
Matrigel slab (previously set for 30 min at 37◦C within the well of a 24-well glass-bottom
plate), incubated the dish at 37◦C for 1 h and finally overlaid an additional 120 mL of
Matrigel on top before adding the media for long-term culture.
Imaging
All confocal microscopy images were acquired using an inverted confocal microscope (Zeiss
Cell Observer Z1) equipped with a Yokagawa spinning disk, an Evolve EM- CCD camera
(Photometrics), and running NS Elements software.
Live/Dead Staining Assay
The live/dead staining assay was conducted using a 2 mg/ml propidium iodide stock (Sigma-
Aldrich Co. LLC, P4170) at a 1:50 dilution and a 5 mg/ml fluorescein diacetate stock
(Sigma-Aldrich Co. LLC, C-7521) at a dilution of 1:625 in PBS. As a control or the dead
stain, spheroids were fixed using 4% PFA and stained with the live/dead stain.
7Chapter 2
Characterization of Human Intestinal
Spheroids Cultured using Sacrificial
Micromolding
2.1 Introduction
In vitro models of the small intestine that better recapitulate the in vivo epithelial barrier
are crucial tools to help predict intestinal uptake of drug candidates before costly and labo-
rious animal studies. The 2D monolayer transwell model has been widely used to predict
drug permeability across the intestinal epithelial barrier. When cultured on the transwell
membrane for 21 days, Caco-2 cells form a tight barrier and spontaneously differentiate to
display intestinal enterocyte-like characteristics.[29] However, is it now well-established that
2D models suffer many disadvantages including lack of tissue-specific architecture, cell-cell
and cell-matrix interactions, as well as biochemical and mechanical cues.[17] [9] Such interac-
tions with the tissue microenvironment play an important role in determining cell phenotype
and functionality, and consequently affect drug transport and drug responses. Hence, there
is a crucial need for new in vitro models that can recapitulate the complex functions of the
human small intestine while efficiently and reliably predicting human responses.
3D cell culture models in which cells are grown within ECM gels are gaining interest for
drug discovery and screening as they are thought to induce expression of more tissue-specific
function.[44] Matrix effects have been shown to regulate intestinal epithelial differentiation
and proliferation. For example, brush border enzyme expression and activity are significantly
stimulated while proliferation is slowed down when Caco-2 cells are cultured on a type I colla-
gen or a laminin matrix compared to tissue culture plastic suggesting that integrin-mediated
interactions with basement membrane proteins play a crucial role in guiding the intestinal
epithelial phenotype.[8] As shown in chapter 1, Caco-2 cells grown in an ECM self-organize
into spheroids with a centralized lumen surrounding a monolayer of cells which have the ad-
vantages of recreating the spatial organization of intestinal epithelial cells in vivo.[15] These
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spheroids have physiological cell-cell and cell-matrix interactions and are easily scalable and
inexpensive. They, thus, offer the potential to serve as an improved platform for drug dis-
covery and screening that can better simulate intestinal epithelial responses to drugs and
stimuli compared to the current 2D monolayer model.
However, the characteristics of these Caco-2 spheroids including their barrier function,
potential changes in cell phenotype and transport function brought about by the 3D mi-
croenvironment need to be well characterized. Characterization of this model is essential for
its application in drug screening as well as studies of epithelial biology.
Here, we report that self-assembling multicellular intestinal spheroids cultured using Sac-
rificial Micromolding display reproducible intestinal features and functions that are more
representative of the in vivo small intestine. Additionally, we show that cell polarization
and maturation occur faster in spheroids than on transwells and that the spheroids are
viable for a longer period of time. Given the simple construction and the ability of the
spheroids to reproduce key intestinal features and functions, this system offers the potential
to provide readouts that better predict in vivo drug permeability than standard 2D cultures
while increasing the throughput of drug screening. Moreover, using this model to study
the intestinal epithelial barrier could reveal new insights about how therapeutics cross the
small intestine in vivo and ways in which we can modulate drug transport to increase oral
bioavailability of drugs.
Material for this chapter is based on reference[48].
2.2 Self-Organization and Polarization
Polarization of epithelial cells is essential for maintaining their microenvironment and en-
suring directional secretion of materials. We compared a small cell aggregate (35 µm in
diameter) that did not lumenize to a lumenized 120 µm diameter spheroid. After 5 days in
Matrigel, the lumenized spheroids formed a monolayer of cells surrounding a hollow lumen
and displayed polarization with a continuous actin belt expressed on the apical membrane
facing the lumen. The un-lumenized aggregates did not form a hollow lumen and instead
displayed a cell-filled core, lacking the apical actin belt (Fig. 2.1). Figure 2.2B shows a
3D reconstruction of a lumenized spheroid with a confluent cell monolayer and actin lin-
ing the perimeter of the apical membrane facing the lumen. The spheroids display brush
border formation as shown by ezrin on the apical membrane (Fig. 2.2C). Additionally, β-1
integrin which receives and transduces signals from the ECM and is deeply involved in the
epithelial polarization process is shown to be expressed on the basolateral side suggesting
engagement with the ECM. E-cadherins are shown to be expressed between cells suggesting
cross-communication between cells.
CHAPTER 2. CHARACTERIZATION OF HUMAN INTESTINAL SPHEROIDS
CULTURED USING SACRIFICIAL MICROMOLDING 9
Figure 2.1: Z-stack of lumenized spheroids and un-lumenized aggregates stained with DAPI
(blue) and phalloidin (green). Lumenized spheroids display a continuous monolayer of cells
surrounding a hollow lumen with an actin belt around the apical membrane whereas un-
lumenized aggregates display a cell-filled core, lacking the apical actin belt.
2.3 Barrier Integrity and Transport
To test the barrier function of the spheroids, we first stained for zonula occludens (ZO-1)
protein which is one of the essential proteins in the formation of the tight junctional complex
in epithelial cells. This barrier limits the diffusion of molecules that are transported via the
paracellular route across the small intestine.[2] We showed that the spheroids express ZO-
1 co-localized with the actin on the apical membrane of the spheroids (Fig. 2.3A). We
also observed that the surface of the intestinal spheroids displays low permeability to high
molecular weight dextrans. 2mM 4kDa FITC-dextran was incubated on the basolateral side
of lumenized spheroids and un-lumenized aggregates for 3 hours. Figure 2.3B shows that the
FITC-dextran was mostly excluded from the lumen of spheroids suggesting a tight epithelial
barrier, while the un-lumenized cell aggregate shows penetration of FITC-dextran between
the cells. Barrier function of lumenized spheroids was immediately lost by co-incubation
with 16 mM EGTA, which serves as a calcium chelating agent and thereby disrupts the tight
junctions between the cells.[47] The disruption of tight junctions causes the spheroids to lose
their lumenized structure and become leaky allowing for the penetration of FITC-dextran
between cells.
Next, we examined the spheroids for eﬄux pump activity, which is responsible for the
active transport of a variety of drugs out of the cells and back into the intestinal lumen,
decreasing their oral bioavailability. First, we studied the expression of four highly abundant
eﬄux transporters in the small intestine. P-glycoprotein (Pgp), Breast Cancer Resistance
Protein (BCRP), and Multidrug Resistance-associated Protein 2 (MRP2) are responsible
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Figure 2.2: Lumenization and polarization of intestinal spheroids after 6 days in culture. A)
A representative brightfield confocal image of a lumenized intestinal spheroid at day 6. B)
3D reconstruction of a confocal z-stack showing a representative spheroid forming a confluent
monolayer (DAPI) and a continuous actin belt (phalloidin) surrounding the apical membrane.
C) Fluorescence images of a brush border shown by ezrin (purple) co-localized with actin
(green) on the apical membrane facing the lumen (10X). E-cadherins (red) are forming
between cells showing cellular cross-communication while β-1 integrin (grey) is expressed on
the basolateral membrane engaging with the extracellular matrix (10X).
for limiting the intestinal absorption and oral bioavailability of many clinically important
and frequently prescribed drugs such as immunosuppressants, antibiotics, anticancer drugs,
HIV protease inhibitors, and cardiac drugs.[20] We showed that these three transporters are
correctly localized on the apical membrane of the spheroids, while Multidrug Resistance-
associated Protein 3 (MRP3) is correctly localized on the basolateral membrane (Fig. 2.4).
Furthermore, we measured mRNA expression levels of these four transporters after 6 days,
2 weeks, and 3 weeks and found no significant difference in expression levels (Fig. 2.7B
ii). This suggests that the spheroids have reached a mature and differentiated state after 6
CHAPTER 2. CHARACTERIZATION OF HUMAN INTESTINAL SPHEROIDS
CULTURED USING SACRIFICIAL MICROMOLDING 11
Figure 2.3: Barrier integrity of intestinal spheroids. A) Fluorescent confocal image of a
spheroid stained for tight junctional protein ZO-1 (red) expressed on the apical membrane
and co-localized with actin (green). B) Barrier integrity assay showing exclusion of 4kDa
FITC-dextran after incubation for 3h in a lumenized spheroid while the FITC-dextran pene-
trates between the cells of an un-lumenized aggregate. Co-incubation of a lumenized spheroid
with 16 mM EGTA chelates the tight junctions between the cells.
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Figure 2.4: Immunofluorescence images showing expression of Pgp (red), BCRP (purple),
and MRP2 (cyan) on the apical membrane facing the lumen and MRP3 (red) on the baso-
lateral membrane (60X).
days in culture. As a proof-of-concept, to assess the function of eﬄux transporters across
the spheroids, we used rhodamine 123 (Rh 123) as a model Pgp substrate. When delivered
on the basolateral membrane, Rh 123 gets actively transported into the cells.[55] Pgp then
actively pumps Rh 123 out of the cell and into the lumen. Upon delivery of 5 µM Rh 123
to the basolateral side of the spheroids, it rapidly accumulated in the apical lumen reaching
a concentration of 8 µM within 90 minutes (Fig. 2.5A). However, upon treatment with
Cyclosporine A (15 µM), a Pgp inhibitor, Rh 123 accumulated inside the cells and was
unable to be transported out into the lumen by Pgp. Previous studies have shown that
Rh 123 partitions into the mitochondrial membranes of cells[22] which explains the high
fluorescence intensities detected inside the cells upon inhibition of Pgp.
Similarly, we studied the eﬄux function of BCRP using 5 µM prazosin and 10 µM
Methotrexate which are both substrates for BCRP. Upon treatment with the potent in-
hibitors Ko143 (50 µM) or fumitremorgin C (2 µM), respectively, the luminal concentrations
of both drugs decreased significantly (Fig. 2.5B). Taken together, these data suggest that
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Figure 2.5: Transporter Function. A) Fluorescence images showing Pgp model substrate, Rh
123, accumulating in the lumen of spheroids. Co-incubation with Pgp inhibitor CSA leads
to accumulation of Rh 123 inside the cells. Bar graph depicts the influx of Rh 123 into the
spheroid (black bars) while the luminal concentration is lower when Rh 123 is co-incubated
with CSA (grey bars). The graph shows the mean Rh 123 concentration at different time
points. (Mean ± SD; **p < 0.01; **** p<0.0001, n=10). B) Bar graphs depicting the
accumulation of BCRP substrates prazosin and methotrexate inside the lumen (black bars)
while the luminal concentration is lower when the spheroids are co-incubated with the BCRP
inhibitors Ko143 and FTC, respectively (grey bars). (Mean ± SD; *p<0.05; ***p<0.001,
n=10). Statistical analyses were performed using two-way ANOVA and Sidaks multiple
comparison test.
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the surface of the spheroids forms a tight barrier expressing functional eﬄux transporters
that limit the absorption of foreign substrates into the spheroid.
2.4 Comparison with the 2D Transwell Model
Since the transwell system is the current gold standard model for intestinal absorption, we
compared it to the intestinal spheroid system to characterize the role that the ECM and
the 3D architecture play in instructing cellular differentiation and gene expression. The
Caco-2 cell line models the phenotypic changes epithelial cells undergo when they migrate
along the crypt axis toward the luminal surface. Upon differentiation, Caco-2 cells decrease
proliferation by down-regulating genes involved in cell cycle progression and DNA synthesis,
while up-regulating genes involved in drug metabolism and transport.[40]
We compared mRNA expression levels of intestinal epithelial differentiation and prolifer-
ation markers in the spheroids (grown for 6 days) and monolayers grown on transwell inserts
for 21 days (Fig. 5A i). Higher levels of CCND1, the gene encoding cyclin D1 protein,
were measured in transwells compared to spheroids. CCND1 is responsible for cell cycle
progression in early G1 phase and is a marker for cell proliferation. Inhibition of cyclin D1
in Caco-2 cells has been shown to inhibit cell proliferation and marks a more differentiated
phenotype.[18] On the other hand, Glutathione-transferase A 1 (GSTA1) is a Phase II con-
jugating enzyme that functions in the detoxification of electrophilic compounds, including
carcinogens, therapeutic drugs, environmental toxins and products of oxidative stress by
conjugation with glutathione. We found the GSTA1 gene to be approximately 6 fold higher
in spheroids than in transwells, indicating a more differentiated cell phenotype.[12] This is
consistent with previous reports that have shown members of the glutathione S-transferase
family to be among the highly induced genes during Caco-2 cell differentiation.[40] Addition-
ally, higher production of apolipoproteins, which are responsible for binding and transport
of lipids in the small intestine, is associated with a more differentiated cell phenotype that
resembles small intestinal enterocytes more closely.[56] We measured a 2.9 fold increase
in APOA1 expression in spheroids compared to transwells. APOA1 is the gene encoding
apolipoprotein A-I, a component of high-density lipoprotein (HDL) which is responsible for
transporting cholesterol and other phospholipids to the bloodstream. The increased expres-
sion of APOA1 again indicates a more differentiated phenotype in spheroids and is consistent
with published observations regarding the regulation of apolipoprotein gene expression in en-
terocytes.[56]
Previous reports have shown that Caco-2 monolayers cultured on transwells for 21 days
form a tighter barrier than the human small intestine because of their colonic origin.[1] We
measured the gene expression levels of ZO-1 (TJP1) and Occludin (OCLN) in the transwell
model compared to the spheroids (Fig. 5A ii). We found that even though the spheroids
are more differentiated and develop a more mature intestinal epithelial phenotype, the ex-
pression of ZO-1 was 80% lower and Occludin was 60% lower than in transwells. In order
to elucidate the role of the ECM in guiding changes in tight junction gene expression lev-
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els, we compared monolayers grown on Matrigel coated transwells (0.5 mg/ml Matrigel) to
monolayers cultured on the traditional collagen coated transwells (Fig.2.6B). Lower gene
expression levels of ZO-1 and occludin were measured on Matrigel coated transwells similar
to the spheroids suggesting that these changes might mainly be due to the effect of the
ECM proteins. On a biochemical level, brush border enzyme specific activity is commonly
used as a marker for intestinal epithelial differentiation. For instance, studies have reported
increases in the specific activities of brush border enzymes after culturing Caco-2 cells on
different basement membrane proteins. These changes suggest that interactions with base-
ment membrane proteins may promote intestinal epithelial differentiation.[8] The activity of
alkaline phosphatase, a digestive enzyme on the apical brush border of intestinal enterocytes,
was compared in spheroids and transwells over a period of 3 weeks (Fig. 2.7A iii). After 6
days in culture, activity levels were found to be 2.7 times higher in spheroids. After 14 days,
activity levels show 2 fold higher levels in spheroids. No significant difference was detected
at 21 days between the two models. These data suggest that when cultured in a 3D environ-
ment, Caco-2 cells reach a more mature and differentiated enterocyte-like phenotype over a
shorter period of time compared to when cultured on transwells. This further highlights the
advantage of using this model for drug screening.
Intestinal transporters play a crucial role in the oral absorption of a wide variety of
drugs. Deviations in transporter expression levels between the Caco-2 monolayer model and
the human jejunum could potentially result in inaccurate classification of the permeability
and intestinal absorption of compounds, especially for drugs whose pharmacokinetics are
heavily determined by active transport. We measured a 2.7 fold increase in expression of
BCRP in spheroids compared to monolayers cultured on transwells for 21 days (Fig. 2.7B i).
Furthermore, MRP3 was downregulated 7.8 fold in spheroids compared to transwells. These
trends suggest a more differentiated phenotype that is physiologically more similar to the
human jejunum in which BCRP has been shown to be expressed at 1.5-3 fold higher levels
and MRP3 at 0.2-0.3 lower levels compared to monolayers on transwells.[42][19] In order
to elucidate the role of the ECM in guiding changes in transporter gene expression levels,
we again compared transporter expression levels of monolayers grown on Matrigel coated
transwells and collagen coated transwells and found no significant difference in transporter
gene expression levels. This suggests that these changes are mainly due to the 3D tissue-like
architecture of the spheroids (Fig.2.6A).
Furthermore, while spheroid transporter levels did not vary significantly after they reached
a mature state at day 6, the transporter expression levels varied from week 1 to week 3 on
transwells (Fig. 2.7B ii & iii). This suggests that while Caco-2 cells require 3 weeks of culture
on transwells to reach a mature state with a steady expression of transporters, it only takes 6
days for the spheroids to reach a more mature and more biomimetic state. This implies that
spheroids will yield consistent and reproducible results if used in the time frame between 6
days and 21 days in Matrigel. This comparison between intestinal spheroids cultured using
Sacrificial Micromolding and transwell monolayers highlights the advantages and the sub-
stantial potential of this intestinal spheroid platform in facilitating higher-throughput and
more robust screening of oral drugs as well as studies of intestinal transport.
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Figure 2.6: Gene expression differences in transporter expression between spheroids and tran-
swells are mainly due to the 3D architecture. A) Comparison between 2D Caco-2 monolayers
grown on collagen coated transwells for 3 weeks and monolayers grown on Matrigel coated
transwells for 3 weeks showing no significant difference in transporter expression levels. B)
Downregulation of ZO-1 and occludin in Matrigel coated transwell monolayers compared
to collagen coated monolayers suggesting an important role of ECM protein interactions.
(Mean ± SD; *p<0.05; n=3) Statistical analyses were performed using two-way ANOVA
with Sidaks or Tukeys multiple comparisons tests.
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Figure 2.7: A) Comparison between intestinal spheroids at day 6 in culture and monolayers
on transwells after 3 weeks in culture showing i.) lower mRNA expression levels of prolifer-
ation marker CCND1 and higher expression of differentiation markers GSTA1 and APOA1
in spheroids compared to transwells, ii.) lower expression levels of tight junction proteins
TJP1 and OCLN in spheroids, and iii.) more physiological transporter expression levels
in spheroids. B) Maturation of spheroids vs. transwells over time. i.) Activity of alka-
line phosphatase is higher at week 1 and week 2 in spheroids compared to transwells, ii.)
transporter expression remains constant over three weeks in spheroids compared to iii.) sig-
nificant variations in expression levels in transwells over three weeks. (Mean ± SD; *p<0.05;
**p<0.01; **** p<0.0001; n=3) Statistical analyses were performed using two-way ANOVA
with Sidaks or Tukeys multiple comparisons tests.
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2.5 Summary
Previous research has demonstrated the usefulness of the Caco-2 cell line in predicting drug
absorption due to its human origin and its advantageous differentiation into an enterocyte-
like phenotype after 21 days on transwells. However, compared to in vivo Caco-2 monolayers
grown on transwells have a less permeable passive paracellular route, different transporter
expression levels, and lower brush border digestive enzyme activity levels. Additionally, in
order to expedite the discovery of orally available drugs, methods to shorten the time to reach
a fully differentiated confluent Caco-2 cell monolayer are highly desirable.[41] As has been
previously shown, moving cells from a 2D to a 3D environment and restoring interactions with
the ECM can induce dramatic effects on gene expression, differentiation, and metabolism
and can thus more accurately model the in vivo phenotype.[52] Here, we showed that Caco-
2 spheroids cultured using Sacrificial Micromolding are able to reproduce in vivo intestinal
epithelial properties and functions after only 6 days in culture. Moreover, a comparison
between Caco-2 cells grown on transwells for 3 weeks and spheroids grown for 6 days in an
ECM showed that while spheroids do form a tight barrier to high molecular weight dextrans,
they display lower tight junction gene expression levels and more physiological transporter
expression levels as well as digestive enzyme activity levels. These attributes highlight the
spheroid model as a more biomimetic and reproducible intestinal model with potential in
facilitating high-throughput screening of oral drugs.
2.6 Materials and Methods
Spheroid Culture
Caco-2 spheroids were cultured using Sacrificial Micromolding as described in chapter 1.
Briefly, Caco-2 cells were aggregated in agarose microwells for 24 h before transfer to a
Matrigel gel in a glass-bottom 24 well plate in which aggregates were allowed to grow for 5
additional days. Media was refreshed every 2 days.
Transwell Culture
Caco-2 cells (25× 103 cells/well) were seeded on high density polycarbonate transwell inserts
(24-well, 0.4 µm pore size) as previously described.[31] Cells were cultured for 21 days unless
otherwise noted. For Matrigel coated transwells, a Matrigel concentration of 0.5 mg/ml was
chosen as the highest concentration still enabling the formation of a 2D monolayer. Cells
were cultured for 21 days and transepithelial electrical resistance (TEER) was monitored.
Only wells with TEER greater than 350 ohm*cm2 were used for experiments.
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Antibody Product Dilution
Anti-rabbit Pgp Abcam 103477 1:50
Anti-rabbit BCRP Abcam 3380 1:50
Anti-Mouse MRP2 Invitrogen MA-26536 1:50
Anti-rabbit MRP3 Abcam 107083 1:50
Anti-Mouse ZO-1 Invitrogen 339188 1:100
Anti-Rabbit Ezrin Invitrogen 357300 1:50
Alexa 488 Phalloidin Life Technologies 1726566 1:500
DAPI Vector Laboratories H-1200 1:400
Table 2.1: Antibodies and dilutions used for immunohistochemistry.
Immunohistochemistry
Spheroids were fixed with 4% formaldehyde in PBS for 20 minutes followed by incubation in
blocking buffer (10% heat-inactivated goat serum in PBS + 0.5% Triton X-100) at 4◦C for
at least 1 day. After another incubation period of at least 1 day at 4◦C with the primary an-
tibody, spheroids were washed several times with PBS and incubated with Alexa-conjugated
secondary antibodies (1:200 in blocking buffer) for approximately 1 day. All samples were
extensively washed with PBS + Triton X-100 + 1 µg/mL DAPI before imaging. Antibodies
used for staining and the dilutions used for immunohistochemistry are included in Table 2.1.
Cells were imaged with a Yokagawa CSU22 spinning disk confocal microscope.
Barrier integrity assay
Caco-2 spheroids and Tranwells were incubated in 2mM 4KDa FITC Dextran (Sigma-
Aldrich, St. Louis, MO, USA) or 2mM 4kDa FITC Dextran and 16 mM EGTA (Fisher
Scientific, Hampton, NH, USA for 3h. Fluorescence intensity in the lumen was measured
while keeping laser power and exposure time constant.
Real-time quantitative reverse transcription- polymerase chain
reaction
RNA was collected from the 2D culture using the RNeasy Mini kit (Qiagen, Venlo, Nether-
lands). The 3D aggregates were first extracted from Matrigel by incubating with the Cell
Recovery Solution (Corning, Midland, MI, USA) for 2 hours on ice to obtain isolated ag-
gregates, and then RNA was collected with the QIAShredder (Qiagen, Venlo, Netherlands)
and RNeasy Mini kit (Qiagen, Venlo, Netherlands). cDNA was generated from the RNA
extract with iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). qPCR reactions
were performed using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA) using L19 as the reference control. Primers sequences used and the proteins they
encode are provided in Table2.2.
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Alkaline phosphatase detection
Alkaline phosphatase activity was detected with the SensoLyte pNPP ALP Colorimetric
Assay Kit (AnaSpec, Fremont, CA, USA) after normalizing cell count with the CyQUANT
Cell Proliferation Assay (Invitrogen, Carlsbad, CA, USA). Briefly, cell extracts were collected
by incubating either 2D cultures or extracted 3D aggregates in ALP assay buffer with 0.2%
Triton-X for 10 minutes at ◦C, then the solution was spun down at 2500g for 10 minutes
and the supernatant was collected as cell extracts. DNA content in the cell extracts were
measured with the CyQUANT assay kit to estimate cell numbers in each sample. Reaction
volume for each sample was adjusted so that an equal number of cells from each sample was
assayed for ALP activity.
Functional eﬄux assay
Caco-2 spheroids were serum starved for half an hour in serum free EMEM before conducting
the transport experiments. Spheroids were incubated with either 5 µM rhodamine 123
(ThermoFisher Scientific, Hampton, NH, USA) or BODIPY FL prazosin (Life Technologies,
Carlsbad, CA, USA) or fluorescein methotrexate (Life Technologies, Carlsbad, CA, USA) in
serum free EMEM. Inhibition studies were performed by first incubating the spheroids with
15 uM Cyclosporine A (Sigma-Aldrich, St. Louis, MO, USA) or 50 µM Ko 143 (Abcam,
Cambridge, UK) or 2 µM fumitremorgin C (Abcam, Cambridge, UK) for 30 minutes at 37◦C.
After removing the inhibitor solution the spheroids were then incubated with both substrate
and inhibitor for 90 minutes. Spheroids were imaged at different time points using a confocal
microscope. Fluorescence intensities were measured in the lumen of spheroids while keeping
laser power and exposure time constant. Calibration curves of fluorescence intensities vs.
drug concentration were used to calculate concentration inside the lumen. All experiments
were conducted by taking the average of n=10 spheroids per condition.
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Chapter 3
Probing the luminal
microenvironment of intestinal
spheroids
3.1 Introduction
Emerging 3D culture models facilitate drug testing, tissue engineering, and the study of tissue
morphogenesis in a biologically relevant context. Studying the epithelial barrier of 3D Caco-2
spheroids could reveal new insights about how therapeutics cross intestinal barriers in vivo.
However, the only method for delivering cargo molecules to a 3D lumen is microinjection —a
technically complicated method that is intrusive (i.e. must perforate the epithelial barrier),
unsuitable for physically large cargo, and inherently low-throughput.[5][6] We, therefore,
sought an approach to non-invasively introduce microparticles incorporating drugs or sensors
within the lumen of Caco-2 spheroids.
Material for this chapter is based on reference[14].
3.2 Non-intrusive Delivery of Polymeric
Microparticles to Intestinal Spheroids
To deliver a microparticle to the interior of a multicellular spheroid, we sought a strategy that
would allow small collections of cells to grow and develop around a polymeric microparticle.
Based on our analytical model for tissue self-organization[13], we reasoned that the higher
affinity of epithelial cells for adhesive ECM relative to a non-adhesive microparticle could
direct an aggregate of cells to push a microparticle into their luminal space when fully
embedded in adhesive ECM. We, therefore, used Sacrificial Micromolding to pre-aggregate
Caco-2 cells and polymeric microparticles within degradable microwells, before transferring
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Figure 3.1: Non-intrusive delivery of microparticles to the luminal compartment of a re-
constituted spheroid. A) Schematic illustration and 40X image of cuboidal (15 µm 15 µm
15 µm) microparticles made from polyethylene glycol diacrylate (PEGDA) and loaded with
FITC-BSA. B) Schematic illustration and 40X phase contrast image of lumenized spheroid
reconstituted via Sacrificial Micromolding of a Caco-2 cell-aggregate in Matrigel a recon-
stituted extracellular matrix (rECM). C,D) Schematic illustration and 40X images of how
Sacrificial Micromolding into Matrigel can be used to incorporate the cuboidal PEGDA mi-
croparticles into the core of Caco-2 cell-aggregates capable of undergoing morphogenesis,
while also retaining the microparticle within the luminal compartment of the spheroid.
these aggregates to Matrigel culture. We initially explored cuboidal microparticles (15 µm X
15 µm X 15 µm) fabricated from polyethylene glycol (PEG) and photolithographically shaped
as previously described.[46] Using Sacrificial Micromolding, we found that approximately
25% of the multicellular aggregates that hosted one microcube developed into spheroids
incorporating that cube within their lumen, as shown in Fig. 3.1. Using an alternative
approach that relied on passive pre-aggregation in non-adhesive microwells and subsequent
transfer to Matrigel[13], we found that only 23% of spheroids incorporated the cube within
their lumen. Nonetheless, due to i) the high-volume of multicellular aggregates transferred
from agarose to Matrigel in each experiment (at least 3000 to 5000), ii) the ease of identifying
which aggregates contained microparticles, and iii) the simplicity of the approach, we focused
on this latter method for further experimentation.
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Figure 3.2: Microparticle geometry affects actin belt formation and lumen incorporation. A)
Schematic illustration and 40X phase contrast image showing how microrods (15 µm X 15 µm
X 15 µm) can be incorporated within the core of Caco-2 microtissues. B) Representative 40X
phase contrast image (left) and confocal slice (right) showing how, after one week in culture,
microrods alter luminal clearing and the establishment of the characteristic actin belt lining
the luminal compartment of a polarized Caco-2 spheroid. C) Schematic illustration (left)
and 40X images (right) of PEG microspheres (30 µm in diameter) loaded with FITC-BSA
(magenta) and incorporated in lumen. D) 40X confocal slice of a Caco-2 spheroid showing a
continuous actin staining signal (green) and a FITC-BSA loaded PEG microsphere (magenta)
in the lumen.
3.3 Effect of Microparticle Shape and Size on Actin
Belt Formation and Lumenization
During our initial experiments using PEG microcubes, we noticed that slight differences
in the size and shape of the cuboidal microparticles appeared to affect lumen formation of
reconstituted Caco-2 cells. We, therefore, investigated the effects of microparticle geometry
on Caco-2 lumen formation. PEG microrods with dimensions of approximately 15 µm X
15 µm X 10 µm were found too large to be incorporated within multicellular aggregates
without affecting lumenogenesis. Even though some microrods could be accommodated
within the core of the tissues (Fig. 3.2A), immunofluorescent analysis of actin, a marker
of apical polarity, revealed a significant defect in the capacity of these tissues to establish
the characteristic actin belt surrounding the lumen of a well-polarized Caco-2 spheroid (Fig.
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Figure 3.3: Microparticle physicochemical properties affect tissue polarity. A) Schematic
illustration (left) and 40X phase contrast image (right) showing polystyrene (PS) micro-
spheres incorporated into the core of Caco-2 microtissues lacking lumen after one week in
3D Matrigel culture. B) 40X confocal slices through a PS microsphere embedded within a
Caco-2 cell aggregate and cultured in Matrigel for one week. Caco-2 cells form a coherent mi-
crotissue around the microsphere, but the tissue exhibits inverted polarity with actin (green)
preferentially oriented towards the surrounding ECM (i.e. Matrigel) and with β-4 integrin
(red) localized at the interface between the tissue and the PS-microsphere. Nuclei are stained
with DAPI (blue). C) Schematic illustration (top) and 20X phase contrast image (bottom)
of a quantum-dot-loaded maltodextrin (QD-MD) microsphere incorporated into the luminal
compartment of Caco-2 spheroids after one week in culture. D) 40X confocal slices (left)
and 20X confocal orthogonal views (right) of a Caco-2 spheroid with a QD-MD microsphere
within its luminal compartment. E) High magnification 63X confocal slice showing quantum
dots trapped within the lumen of the spheroid (white arrow).
3.2B). On the other hand, we found that PEG hydrogel microspheres of approximately 30
µm diameter, originally developed as a carrier for drug delivery[3], were more efficient in
localizing to the lumen than their cuboidal counterparts (Fig. 3.2C,D), despite their larger
volume and surface area. Taken together, these data suggest that differences in size and
shape of aggregate-embedded microparticles can have profound effects on lumen formation.
3.4 Effect of Microparticle Composition on Tissue
Polarization
We next sought to evaluate the effects of microparticle composition on the capacity of ep-
ithelial cells to lumenize. We pre-aggregated Caco-2 cells with either polystyrene (PS) or
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maltodextrin microparticles of comparable size and shape. We chose PS because this type
of polymer is readily available and routinely used for 3D culture. We chose maltodextrin
due to its routine use as an FDA-approved food additive,[26] the simple preparation of mal-
todextrin microparticles using emulsions,[23] and its capacity to be degraded by secreted
intestinal enzymes such as amylase. Unlike PEG microparticles, PS microparticles dramat-
ically perturbed self-organization and spheroid formation as shown in Fig. 3.3A. Although
the Caco-2 cells formed coherent microtissues around the microparticles, the basal and api-
cal polarity of these microtissues was completely inverted. β-4 integrin was proximal to the
internalized PS microparticle and not in contact with the reconstituted ECM (i.e. Matrigel),
while actin appeared to be oriented away from the microparticle itself (Fig. 3.3B). In con-
trast, bare maltodextrin microparticles and maltodextrin microparticles bearing adsorbed
quantum-dots (QD 605) were readily incorporated into Caco-2 spheroids and did not obvi-
ously perturb self-organization (Fig. 3.3C). As shown in Fig.3.3D,E, we also found that, after
one week in 3D culture, quantum dots had dissociated from the microparticle yet remained
completely entrapped within the luminal space of the Caco-2 spheroid, suggesting that the
3D monolayer prevented escape from the luminal compartment. Taken together, these data
illustrate delivery of nanoparticle-laden microparticles to the luminal compartment of ep-
ithelial spheroids and how the physicochemical properties of the microparticles may trigger
undesirable phenomena such as tissue inversion.
3.5 Reversal of Apical-Basal Polarity
We were interested in using our newly found knowledge about the effects of physicochemical
properties of microparticles to our advantage. Even though the mechanisms for establishing
epithelial polarity are not well understood, it is widely recognized that signals from the ECM
are essential for determining the basal membrane and establishing polarity. Additionally,
epithelial cells show higher sensitivity to disturbances to apical-basal polarity in 3D culture
than in 2D culture conditions.[57]
We wanted to investigate whether we can culture cells around Matrigel beads to inten-
tionally reverse the polarity of the spheroids. We used a flow-focusing microfluidic drop-
maker to generate 30-60 µm diameter Matrigel beads (Fig.3.4A). We then pre-aggregated
the Matrigel beads with Caco-2 cells in agarose microwells for 24 h and then transferred
the cell-bead aggregates to 24-well low adhesion plates for 5 days. Figure 6B shows a Ma-
trigel bead surrounded by cells in an agarose microwell. The cells surround the bead and
adhere to the Matrigel forming a monolayer and tight junctions. Using immunostaining, we
then showed that indeed the cells displayed an inverted polarity expressing actin on the outer
membrane away from the Matrigel bead (Fig.3.4B). Additionally, ZO-1 was co-localized with
the actin and expressed on the outer membrane. Inverting the polarity of these spheroids
while maintaining a differentiated cell phenotype would be useful in studies of drug trans-
port by allowing access to the apical membrane. This system can be used to conduct further
studies of drug transport as well as studies of epithelial polarity.
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Figure 3.4: Reversal of apical-basal polarity using Matrigel beads. A) Representative image
of Matrigel beads in oil (30-60 µm diameter). B) Brightfield image showing Matrigel bead
surrounded by cells in an agarose microwell (10X). C) Fluorescent images (40X) showing a
continuous monolayer of cells surrounding a Matrigel bead shown by the DAPI stain (blue)
and reversal of polarity with actin (green) and tight junction protein ZO-1 (red) expressed
on the outer membrane away from the Matrigel bead.
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Figure 3.5: Probing the luminal pH of epithelial tissues. A) Sample images of the mi-
crofluidic device (left) used to produce 35 µm diameter PEG microparticles that swell to
an average diameter of 45 µm in physiological buffers (right). B) Confocal slices showing
SNARF-conjugated PEG microparticles with pH-dependent fluorescent profiles (left) and
corresponding calibration curve quantifying the ratiometric fluorescent intensity of the mi-
croparticles as a function of pH (right). Scale bars are 50 µm. C) 10X confocal slice of a
Caco-2 spheroid exhibiting correct basal and apical polarization upon microparticle incor-
poration. D) Sample 20X image of a Caco-2 spheroid incorporating a SNARF-conjugated
PEG microparticle within the luminal compartment and E) quantification of luminal pH
within spheroids as opposed to surrounding pH outside spheroids (n = 5) as determined by
ratiometric fluorescent intensities of SNARF-conjugated PEG microparticles.
3.6 Polymeric Microsensors Permit the Study of
Reconstituted Luminal Microenvironments
Following the successful delivery of nanoparticles to the luminal space of Caco-2 spheroids
using degradable microparticles, we sought to further validate our approach by delivering
sensors to these lumen. Specifically, we aimed to deliver microsensors capable of characteriz-
ing the luminal pH of Caco-2 spheroids with seminaphtharhodafluor (SNARF) - a fluorescent
dye used as a ratiometric pH indicator.[38][11] We conjugated SNARF to microparticles con-
structed from tetra-PEG hydrogel using an adaptation of previously published methods[51]
(Fig. 3.5A). Calibration curves for microparticle-conjugated SNARF concentrations between
0.02 and 0.03 mM allowed for ratiometric fluorescent measurements from pH 6.61 to 8.02 in
either microparticle or bulk-gel form (Fig. 3.5B). Upon delivering the pH-sensitive micropar-
ticle to the luminal compartment of the soheroids, immunofluorescent staining of actin and
β-1 integrins indicated correct polarization of the spheroids, suggesting that the non-adhesive
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PEG-SNARF microparticles did not affect the self-organization or polarization of these cells
(Fig. 3.5C,D). Using the microparticles, we also found that, after one week in culture, the
lumen of Caco-2 spheroids exhibited a more alkaline pH than the surrounding medium (Fig.
3.5E); p < 0.05 one-way ANOVA). Taken together, these data demonstrate a new approach
for luminal delivery of sensors capable of probing the luminal microenvironment of epithelial
microtissues.
3.7 Summary
Polymeric microparticles are gaining interest as both drug carriers and sensors. Polymeric
sensors can sense specific biological signals, such as release of proteins or antibodies in
response to tissue damage and inflammatory events, detect small molecules like glucose and
lactose, and monitor pH in real-time and at low concentrations. Despite the advantages of
these polymeric sensors to sense biological signals in cellular microenvironments, progress
has been limited due to the challenges associated with incorporating these structures into
tissues.
We developed a novel method for incorporating polymeric microparticles into the lu-
minal compartment of a reconstituted epithelial spheroid without perturbing tissue self-
organization.[50] Using Caco-2 spheroids, we found that small, spherical, and fairly non-
fouling polymeric microparticles did not appear to have profound effects on epithelial lumeno-
genesis. Interestingly, our experiments using PS microparticles did perturb self-organization,
yielding microtissues with inverted polarity. It is possible that the rigid and hydrophobic
nature of PS may promote the adsorption of secreted ECM molecules and trigger the en-
gagement of cell-ECM adhesion complexes that drive the establishment of this inverted
polarity.[58][39] We used this knowledge to our advantage and have shown the potential to
reverse the polarity of the spheroids to gain superficial access to the apical membrane by
culturing Caco-2 cells around Matrigel beads. We believe that a more extensive charac-
terization of this experimental system is necessary to characterize potential changes in cell
phenotype. However, this technique may prove useful experimentally. For example, these
spheroids can be incorporated in microfluidic chips to expose the apical membrane to flow to
obtain a more physiological system. In contrast, minimally adhesive polymers such as PEG
or maltodextrin were better choices for carrier delivery and the study of the luminal mi-
croenvironment. In particular, the rich history of PEG as a functionalizable and degradable
polymer that can act as a carrier of sensors or therapeutics[28][10][25] makes this material
an exquisite choice for future work.
In this proof-of-concept, we use functionalized tetra-PEG hydrogel microparticles to
probe the pH of 3D Caco-2 lumen, but we also foresee using degradable PEG microcon-
structs of increasing complexity in order to non-intrusively deliver therapeutics and other
types of nanosensors. For example, there is potential to program tunable and predictable
pH-dependent hydrogel degradation and drug-release profiles into PEG microparticles by
incorporating cleavable linkers as crosslinks and tethers for drug payloads.[3][49] While the
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biological events that allow the internalization of these polymeric microstructures into the
lumen of the epithelial spheroids require more detailed investigation, our previous reports
suggest that the preferential affinity of epithelial cells for ECM over non-fouling surfaces di-
rects the passive transport of the microparticles away from the ECM interface and towards
the spheroid lumen. A more in-depth understanding of this process will be key to the design
and development of efficient drug carrier systems and sensors for various applications. How-
ever, this study provides a proof-of-concept mechanism of payload delivery into the lumen of
Caco-2 spheroids. This paves the way for the possibility of continuous real-time monitoring
of analytes within microtissues of increasing complexity, meeting an important need for the
field.
3.8 Materials and Methods
Rectangular Microparticles
For a detailed description of how cuboidal or rod-like PEG-microparticles were fabricated
via photolithography, see[46] and[45], respectively.
Polystyrene Microparticles, Maltodextrin Microparticles, and
Quantum Dot Physisorption
The 75 µm diameter polystyrene beads were purchased from Polysciences Inc (Catalog
24049-5). For maltodextrin microparticles, 2 g of 47 dextrose-equivalent maltodextrin was
dissolved in 2 M NaOH. 2 mL of this solution added to 18 mL of 4:1 (v/v) cyclohex-
ane:chloroform with 1% (v/v) Span-80 in a SigmaCote-silanized scintillation vial. This
mixture was emulsified by vortexing for 20 seconds, then 400 µL of epichlorohydrin was
immediately stirred into the emulsion. The reaction proceeded for 1 hr at 40◦C with spin-
ning at 1200 rpm. The emulsion was then washed twice with cyclohexane and four times
with distilled water. The resultant polymerized maltodextrin was run through a 100 µm
mesh and then a 40 µm mesh to filter out large particles. The beads were assayed for amy-
lase degradability and then used as described. The beads were stored in distilled water at
room temperature until use. Quantum dots were loaded onto maltodextrin microparticles
by adsorption. Quantum dots (Qdot 605 ITC carboxyl quantum dots, Thermo Fisher) were
mixed with 5% of the microparticle prep (equivalent to 100 mg maltodextrin) and incu-
bated overnight in the dark at 4◦C in 1 mL of PBS. Microparticles were separated from free
quantum dots by centrifugation at 200 g.
SNARF-derivatized Tetra-PEG Hydrogel Microparticles
SNARF-derivatived microparticles were based on biodegradable tetra-PEG hydrogel mi-
croparticles originally developed for controlled drug delivery as described in[51]. These gels
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self-assemble upon mixing two solutions containing functionalized four-armed PEG prepoly-
mers (Prepolymer A and Prepolymer B), through a strain-promoted azidealkyne cycloaddi-
tion (SPAAC) crosslinking reaction. This reaction, also referred to as copper-free click chem-
istry (see[7]), occurs between four azide (Prepolymer A) and four cyclooctyne (Prepolymer
B) end groups to form stable triazole crosslinks between the two tetra-PEG prepolymers. In
addition to the azido end-groups used for crosslinking, Prepolymer A also contains free amine
end-groups for conjugation to a payload. Here, we attached SNARF to those amino groups,
using standard amide-bond-forming chemistry, by acylation with SNARF-NHS ester (Invit-
rogen S22801) to give a SNARF-functionalized Prepolymer A. Microparticles were formed
upon mixing with a solution of the cyclooctyne-derivitized Prepolymer B in a flow-focusing
microfluidic drop-forming device (Fig.3.5A).
Cell Culture and Microparticle-cell Mixtures
Caco-2 cells were maintained in 2D cell cultures as described in[31]. After dissociation from
culture plates, Caco-2 cells were resuspended in 0.5 ml of EMEM media at a concentration
of 1 M cells/ml. The microparticles were added to the cells at a target concentration of 1
microparticle per 100 cells, and 0.5 ml of the particle-cell mixture was pipetted onto the
photolithographically defined agarose micromolds before proceeding as described in chap-
ter 1. 3D cell cultures were monitored for lumenization and polarity by phase-contrast,
fluorescence, or confocal microscopy as discussed in text.
pH Measurements
SNARF1-functionalized PEG microparticles were suspended in a buffer series from pH 6.61
to 7.93 and imaged on the spinning disk confocal to determine the calibration curve. The
ratiometric dye was imaged with a 561 nm laser and fluorescent emission light was collected
with a 585/40 nm bandpass filter (f585) and a 600 nm longpass filter (f600). The calibration
curve was prepared by calculating the ratio of (f585)/(f600) (Fig.3.5B). Experimental data
was collected using the same settings, and the pH of the lumen was determined using the
calibration curve obtained for the microparticles in suspension.
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